Porphyrin is one of the most important pigments in natural and artificial light-harvesting systems [1] [2] [3] [4] [5] [6] [7] [8] , and thus it is essential to understand how light absorbed by the porphyrin pigment is converted into energy via electron/proton transfer processes. Accordingly, porphyrin and its various derivatives with and without metals have been subjected to both extensive and intensive studies for many decades especially in terms of their photochemical and photophysical properties. Since porphyrin molecules are large and their physicochemical properties are strongly dependent on chemical environments, it has been a formidable task to get the detailed picture of the whole light-energy conversion process at the molecular level. Nevertheless, there have been tremendous advances in this endeavor, and fundamental properties of porphyrins are well understood so that applications of specially-designed porphyrin derivatives to organic devices in solar cells 9-12 and phototransistors 13,14 are considered to be quite promising.
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Ultrafast relaxation dynamics have been quite intensively studied for free base (H 2 TPP) [15] [16] [17] [18] [19] [20] [21] and metalloporphyrins coordinating Zn [22] [23] [24] , Cu [25] [26] [27] , or Ni 28-31 . Herein, we are focusing on time-resolved relaxation dynamics of copper tetraphenylporphyrin (CuTPP) after its Soret-band excitation in many different solvents. Relaxation dynamics of CuTPP are known to be strongly dependent on nature of the solvent. For instance, according to the report by Kim et al. 32 , relaxation of the triplet CuTPP into the ground state is quite slow and takes more than 10 ns in non-coordinating solvents such as benzene or toluene whereas it becomes enormously faster by three orders of magnitude in N-containing solvents to give the lifetimes shorter than 40 ps or 120 ps in pyridine or piperidine, respectively. The huge increase of the relaxation rate of the triplet CuTPP was attributed to opening of new relaxation channel via the intramolecular ligand-to-metal charge transfer (CT) state which is much stabilized by N-coordinating solvents. Meanwhile, another relaxation channel was suggested by Kruglik et 
Result and Discussion
Steady state absorption spectra of CuTPP show Soret and Q-bands in the UV and visible region, respectively (Fig. 1) . Since interaction between copper ion and solvent molecules influences charge density of porphyrin ring in both ground and excited states, red-or blue-shift of the Soret band peak position compared to that in benzene is clearly observed for CuTPP in N-or O-coordinating solvents, respectively. Notably, red-shift of the Soret band is found to be quite large for CuTPP in piperidine. This could be attributed to solvent ligation of the ground-state CuTPP due to strong nucleophilicity of piperidine (vide infra) 32, 35 . It is also noteworthy that Q(1,0) band is red-shifted by ~12 nm while oscillator strengths of Q(2,0) at 515 nm and Q(0,0) bands at 591 nm are much enhanced for CuTPP in piperidine compared to those in benzene. Fluorescence of CuTPP in the visible region is not observable because of the short lifetime of the S 1 state 36 . All absorption bands of H 2 TPP and CuTPP with their assignments are summarized in Figure S1 and Table S1 .
TA spectra of CuTPP after 400 nm excitation taken in non-coordinating solvents of benzene and 2,6-lutidine are shown in Fig. 2 . It should be noted that 2,6-lutidine, despite its strong nucleophilicity, is not a coordinating solvent due to steric hindrance caused by the two methyl groups adjacent to nitrogen atom. Excited-state absorption (ESA) spectral pattern of CuTPP is quite different from that of H 2 TPP ( Figure S4 ). Because the intersystem crossing (ISC) rate of 8.3 × 10 7 s −1 measured for H 2 TPP is very slow 15 , the ESA signal of H 2 TPP manifested at early times represents dynamics of S 1 which has been populated by ultrafast internal conversion (τ ~ 68 fs) from S 2 27 . This is also quite consistent with high fluorescence quantum yield of H 2 TPP (0.11) 37, 38 which contrasts with little fluorescence from CuTPP (vide supra). The ESA signal of CuTPP reflects the triplet state dynamics. ESA intensities taken at 480 nm show biexponential rises with time constants of 0.26/8.5 ps in benzene and 0.21/3.9 ps in 2,6-lutidine. Ultrashort time constants then correspond to the population growth of T 1 state by ISC from S 1 while the longer time constants may be ascribed to vibrational relaxation in T 1 state. Sub-picosecond ISC measured here is quite consistent with the gas-phase experimental result of 350 fs 26 . Slight blue-shift of transient absorption spectra has been observed for CuTPP in 2,6-lutidine in the similar time scale of vibrational cooling, supporting our assignment for slow-rising components. Time-dependent spectral characteristics, however, are not dramatic possibly due to interplay between vibrational cooling and solvation dynamics.
A positive correlation between vibrational cooling rate and polarity of solvent is well documented for many other systems 36, [39] [40] [41] [42] , and the faster vibrational relaxation of CuTPP (T 1 ) in 2,6-lutidine (ε = 7.33) compared to that in benzene (ε = 2.27) could be rationalized accordingly.
Excited-state relaxation dynamics of CuTPP in pyridine is remarkably different from those in non-coordinating solvents. For instance, as shown in Fig. 3 , the 480 nm transient of CuTPP in pyridine shows instrument-limited ultrafast rise with the time constant shorter than 100 fs followed by single-exponential decay with a time constant of 26.5 ps. This indicates that ISC of CuTPP in pyridine is slightly faster than that in non-coordinating solvents and the triplet state relaxes quite rapidly in pyridine. It should be noted here that although the vibrational cooling process within the triplet manifold should be present in all solvents, it was . This indicates that triplet state relaxation is prompt once CuTPP forms the exciplex with pyridine, demonstrating that this process is diffusion controlled. The metal-to-ligand charge transfer state which is largely stabilized by solvent ligation is believed to play a significant role in facilitating the excited-state dissipation. Our relaxation time constant of 26.5 ps for the triplet CuTPP in pyridine is the most precise value up to date while it is consistent with the previous result by Kim et al. in which its upper limit was reported to be ~40 ps 32 . Relaxation dynamics of CuTPP in piperidine, another N-coordinating solvent, is supposed to be not much different from that in pyridine. Accordingly, the 480 nm transient of CuTPP in piperidine ( Fig. 3(d) ) also shows the instrument-limited fast rise due to ultrafast ISC. In contrast to the TA signal in pyridine, however, the 480 nm transient of CuTPP in piperidine shows bi-exponential decay with two distinct time constants of 300 fs and 27.4 ps. The longer time constant in piperidine is quite close to the decay time (26.5 ps) observed in pyridine, and thus kinetics of this component may represent the rate of the exciplex formation by solvent diffusion. The triplet-state lifetime of 27.4 ps for CuTPP in piperidine here is much shorter than the previously reported value of 120 ps 32 while the fast component (~300 fs) had not been observed in any other previous studies. This should be due to that temporal resolution of other previous studies was not high enough for observation of kinetic components shorter than a picosecond. It should be reminded that there is a large solvent-induced red-spectral shift of CuTPP in piperidine (vide supra). This indicates that significant portion of CuTPP in piperidine, due to its strong nucleophilicity, exists as the five-coordinated complex in the ground state 32 . Actually, according to Sankar et al. 35 , about 40% of CuTPP in piperidine exist as the CuTPP:solvent adduct in the ground state while only 3% is measured to be present as an adduct in pyridine. In this aspect, the time constant of 300 fs may represent relaxation of the excited species which are prepared by Soret band excitation of the CuTPP-piperidine adduct which is already populated in the ground state. For diffusion-controlled processes, experimentally measured lifetimes are mainly associated with the rate of translational and/or rotational diffusion of solvent. Time constant measured in this environment thus does not provide intrinsic lifetime of the excited state. As the CuTPP-piperidine adduct is significantly populated in the ground state, we could identify and estimate the intrinsic relaxation property of the CuTPP-piperidine complex without being interfered by the solvent diffusion rate for the first time. Indeed, the intrinsic relaxation rate of the five-coordinated complex is found to be very fast (~300 fs), and we expect that this rate would be more or less same in pyridine and piperidine as long as the solvent ligation to the triplet CuTPP is ensured. This once again confirms that the CT exciplex, once solvent ligated, relaxes to the ground state very rapidly, which is in accord with the main concept of diffusion controlled process.
TA spectra of CuTPP in O-coordinating solvents such as 1,4-dioxane and THF are found to be quite different from those in N-coordinating solvents. As shown in Fig. 4 , a strong and narrow ESA band centered at ~440 nm is newly observed, while the broad ESA signal in the 450-490 nm regions remains similar to that observed in N-coordinating solvents. The 440 nm band grows as the broad band over the 450-490 nm decays. In order to extract individual kinetic components from TA spectra, global analysis of decay associated difference spectra (DADS) and evolution associated difference spectra (EADS) have been performed by using the Glotaran (1.5.1) program. Prior to global analysis, a singular value decomposition (SVD) procedure was applied to estimate how many individual components exist in the TA spectra. As shown in Fig. 4 , three independent components have been identified in TA spectra of CuTPP in 1,4-dioxane and THF. Although small in amplitudes, the first 2.5 ps component (black line in Fig. 4(b) ) of DADS of CuTPP in 1,4-dioxane shows ESA around 480 nm and ground state bleach at 550 nm, which are reminiscent of the TA spectrum of CuTPP observed in non-coordinating and N-coordinating solvents at early times. Additionally, a rising band at 440 nm is newly observed at 2.5 ps. The second 29.6 ps component (magenta line in Fig. 4(b) ) shows the decay of the broad 450-530 nm band and increase of the 440 nm band. Temporal behavior of the 450-530 nm ESA band decaying with time constant of 29.6 ps is very similar to that observed for CuTPP in N-coordinating solvents in terms of both temporal and spectral characteristics. In this regard, this decay could be attributed to relaxation of the triplet CuTPP via solvent ligation through the CT state. On the other hand, the 29.6 and 356 ps DADS components shows a clear rise and fall of the relatively sharp 440 nm ESA band, respectively. Therefore, the 440 nm band, which is uniquely observed in O-coordinating solvents, behaves very differently; it rises by two time constants 2.5 and 29.6 ps and decays with a much longer time constant of 356 ps. This result is consistent with the EADS analysis, which is based on a sequential model with increasing lifetimes. For the TA spectra of CuTPP in 1,4-dioxane, the 440 nm feature is the most prominent in EADS 3 indicating that it rises mostly by 29.6 ps and in part 2.5 ps. The same is true in THF, although amplitude of the rise is smaller than that in 1,4-dioxane. The integrated time traces near the 440 nm band also show the biexponential rise features which are comparable with the time constants obtained from the global analysis ( Figure S6 ).
As both spectral and temporal dynamics of this rather sharp 440 nm band are distinct from those of the broad 450-530 nm band, this experimental fact clearly indicates that there is another relaxation pathway in O-coordinating solvents. The most plausible one is the relaxation pathway via the metal localized 2 Simple kinetic scheme regarding relaxation of the triplet CuTPP in O-coordinating solvent can be then described as follows.
Here internal conversion from S 2 to S 1 is extremely fast (τ ~ 68 fs) 27 and ISC from S 1 to T 1 takes place in sub-picosecond time scale (vide supra). Therefore, according to this, the rise of the 440 nm band with τ ~ 29. window could be the consequence from the structural rigidity during the relaxation process, resulting in the decrease of statistical number of different ways of relaxation. As two distinct CT and 2 [d z2 , d x2−y2 ] relaxation pathways compete, the ratio of the two different processes should be strongly dependent on the detailed thermodynamic energetics involved in the exciplex formation by solvent ligation. Naturally, one can expect that the relative ratio of CT to 2 [d z2 , d x2−y2 ] relaxation pathways depends on the physical property of the solvent. From species associated difference spectra (SADS) target analysis ( Figure S7 ), it is estimated that approximately 32% of the triplet CuTPP decays via the CT state in THF, whereas only 4% is found to decay via the CT state in 1,4-dioxane. These branching ratios are comparable to the relative intensities of the sharp 440 nm band in TA spectra (Fig. 4(a),(d) ). Namely, qualitatively speaking, the triplet CuTPP, once ligated with 1,4-dioxane, mainly relaxes via the 2 Herein, excited state relaxation dynamics of CuTPP in various solvents have been interrogated in detail using the femtosecond broadband TA spectroscopic technique. Relaxation dynamics of the triplet CuTPP is found to be strongly dependent on whether or not the surrounding solvent molecule could coordinate to the copper ion. Lifetime of the triplet CuTPP is more than tens of nanosecond in non-coordinating solvents such as benzene or 2,6-lutidine. It decreases tremendously in coordinating solvents such as N-coordinating pyridine and piperidine or O-coordinating 1,4-dioxane and THF. Coordination kinetics of pyridine to CuTPP are found to be diffusion-limited, confirming that the triplet CuTPP exciplex formed by solvent ligation plays a major role in facilitating relaxation to the ground state. In piperidine, the transient shows biexponential behavior with distinct time constants of 300 fs and 27.4 ps. The newly found fast component with τ ~ 300 fs is most likely due to the relaxation of the CuTPP-piperidine adduct which is formed in the ground state, providing the intrinsic relaxation rate of the CuTPP-exciplex for the first time. This is the first evidence for the fast relaxation of the charge transfer complex of triplet CuTPP in N-coordinating solvent. For CuTPP in O-coordinating solvents such as 1,4-dioxane and THF, we have found that there should exist a new relaxation channel in addition to the charge transfer relaxation pathway, and these two different relaxation channels compete with each other. The new channel is here ascribed to relaxation via the 2 [d z2 , d x2−y2 ] exciplex 33 . Our comprehensive TA data reveal, for the first time, detailed quantitative dynamics of these two competing channels involved in the triplet CuTPP relaxation. Briefly, the triplet CuTPP converts to the CT exciplex through solvent ligation in N-coordinating solvents, whereas it goes to either CT or Steady-state measurements and Time-resolved fluorescence spectra. UV-vis absorption and emission spectra were obtained by using the V0530 UV-VIS (Jasco) and RF-5301PC fluorescence spectrometer (Shimadzu), respectively, and fluorescence lifetimes were measured by using the time-correlated single-photon counting (TCSPC) method (FL920, Edinburgh Instruments). Femtosecond transient absorption spectroscopy. Femtosecond laser pulse at 800 nm with the temporal width of ~35 fs and 1 kHz repetition rate (Vitara-S and Legend Elite USP, Coherent) was split into two pulses using a 3:1 beam splitter. The laser pulse for pumping was frequency doubled through a BBO crystal (200 μm thick) to generate the 400 nm output. The other beam was focused on a 3 mm thick linearly moving CaF 2 window to produce white-light continuum (WLC) in the spectral range of 350-750 nm. The WLC output was split again into reference and probe pulses where the reference pulse was used for shot-to-shot normalization of the fluctuating probe pulse intensity. Each CuTPP solution was loaded in a quartz cell with a 1 mm path length. The quartz cell was continuously moved back and forth in the perpendicular direction to the propagation axis of the laser pulse to minimize photo-damage of samples. Pump and probe laser pulses were spatially overlapped in the middle of the sample cell. After passing through the cell, reference and probe pulses were focused on entrance slit of a monochromator (Monora200, Dongwoo-Optron) to be detected by Si pre-amplified photodetectors (2032, Newfocus) as a function of the wavelength. Difference between probe laser intensities with and without pump laser pulse was monitored using a lock-in amplifier (SR810, Stanford Research System) coupled with a chopper. Group velocity dispersion (GVD) of the WLC was compensated by measuring time-zero positions at different wavelengths. Using the optical Kerr effect (OKE) from hexanes, time-zero positions where pump and probe laser pulses are temporally overlapped were measured at many different wavelengths in the 400-700 nm region. This gave a polynomial fitting function by which the grating and optical-delay stage were controlled simultaneously to compensate the GVD effect ( Figure S3 ). All data were obtained at the magic angle (54.7°) to remove any polarization-dependent anisotropic dynamics. To extract meaningful time constants from TA spectra, the decay-associated difference spectra (DADS), evolution-associated difference spectra (EADS) and species-associated difference spectra (SADS) were taken from global and target analyses using the software package Glotaran 1.5.1 (http://glotaran.org).
